Abstract. We hypothesised that higher serum FSH concentrations in cattle with low v. high follicle numbers during follicular waves are caused by a different capacity of the pituitary gland to produce gonadotropins. Dairy cows with high (≥30; n = 5) and low (≤15; n = 5) follicle numbers were selected and serum concentrations of oestradiol and FSH during an oestrous cycle were measured. Cows were ovariectomised at oestrus and bled frequently up to 8 days after ovariectomy. After 33 days, cows were injected with gonadotropin-releasing hormone (GnRH) and bled intensively up to 8 h after GnRH injection. One day later, animals were injected with follicular fluid (FF) from bovine follicles and were bled intensively up to 2 days after the first injection. Serum concentrations of FSH and LH were measured. After 2 days, cows were killed and their pituitary glands collected. Prior to ovariectomy, serum oestradiol concentrations were similar between groups, whereas FSH concentrations were higher in cattle with low v. high numbers of follicles. No differences were detected in serum gonadotropin concentrations after ovariectomy, GnRH injection or FF challenge between groups. The results indicate that the inherent capacity of the pituitary gland to secrete gonadotropins does not differ between cattle with high v. low numbers of follicles during follicular waves.
Introduction
In cattle, FSH is the primary pituitary hormone that stimulates each of the two or three 'waves' of follicular growth during the oestrous cycle. It is now well accepted that circulating FSH concentrations increase transiently coincident with the emergence of each follicular wave during oestrous cycles (Adams et al. 1992; Sunderland et al. 1994) and that suppression of FSH secretion inhibits follicular waves in cattle (Turzillo and Fortune 1990) .Although FSH has a well-established positive role in follicular development in cattle (Turzillo and Fortune 1990) and other species (Kumar et al. 1997) , increased secretion of FSH appears not to be beneficial, perhaps as a consequence of changes in neural signals from the hypothalamus (Wise et al. 1999) . For example, elevated FSH concentrations precede the onset of infertility during ovarian aging in women (te Velde et al. 1998) . In addition, mean plasma FSH concentrations during an interovulatory interval were constantly higher in old cows than in their daughters (Malhi et al. 2005) . In mice, relatively high FSH concentrations in the presence of insulin had a deleterious effect on the percentage of mature oocytes competent to develop to the blastocyst stage, although FSH or insulin alone did not significantly affect competence to complete preimplantation development (Eppig et al. 1998) . Taken together, these findings imply that heightened FSH secretion may have an unexpected negative role in ovarian function and fertility. However, appropriate animal models to examine the extent, causes and mechanisms whereby high physiological concentrations of FSH negatively impact ovarian function and fertility have heretofore not been developed.
Recent studies from our laboratories show that the number of follicles growing in both the ovulatory and non-ovulatory follicular waves during oestrous cycles is highly variable among cattle, but has a high repeatability (0.85-0.95, where 1 is perfect; 'repeatability' is defined as the proportion of the total variance that could be attributed to animal variance) within individuals (Burns et al. 2005; Ireland et al. 2007) . For example, some cattle have as few as eight follicles growing per wave, whereas others have as many as 56 (Burns et al. 2005) . The high variation in numbers of follicles recruited during follicular waves has been shown to be highly positively correlated with the inherently high variability of ovarian reserves (i.e. the total number of morphologically healthy oocytes in ovaries; Ireland et al. 2009 ) and, surprisingly, the number of follicles growing during follicular waves and circulating FSH concentrations are inversely, rather than positively, correlated (Burns et al. 2005; Ireland et al. 2007) . Others also report a similar inverse relationship between follicle numbers and FSH concentrations during the oestrous cycle in cattle (Haughian et al. 2004; Singh et al. 2004; Malhi et al. 2005) . These combined observations demonstrate clearly that cattle with a relatively low number of follicles growing during follicular waves and correspondingly lower ovarian reserves also have chronically higher circulating FSH concentrations during their oestrous cycles.
We have taken advantage of the aforementioned bovine model to examine the potential mechanisms that may control the chronically enhanced FSH secretion in individuals with reduced ovarian reserves. Serum concentrations of oestradiol and inhibin-A, the main FSH negative feedback hormones in cattle (Bleach et al. 2001) , were similar between cattle with chronically high v. low FSH concentrations during follicular waves (Burns et al. 2005; Ireland et al. 2007) . Although inhibin-B is another potent ovarian FSH negative feedback factor (Knight 1996) , it is undetectable in bovine serum . Taken together, these intriguing findings suggest that inherent differences in the capacity of the pituitary gland to secrete gonadotropins, rather than differences in the production of ovarian negative feedback factors, may exist between cattle with chronically low v. high FSH secretion. Therefore, the primary aim of the present study was to test the hypothesis that the difference in FSH concentrations in animals with chronically high v. low circulating FSH concentrations during follicular waves is due to a greater capacity of the pituitary to produce gonadotropins. This was tested by measuring FSH and LH secretion basally and in response to gonadotrophin-releasing hormone (GnRH) or follicular fluid (FF) challenges following bilateral ovariectomy of cows that, before ovariectomy, had chronically high v. low circulating FSH concentrations during follicular waves.
Materials and methods

Selection and characterisation of animals with high v. low follicle numbers during follicular waves
Animal experimentation was performed in compliance with protocols approved by the Animal Research Ethics Subcommittee, University College Dublin, the Cruelty to Animal Act (Ireland, 1876) and the European Union Directive 86/609/EC.
Transrectal ovarian ultrasonography (Aloka SSD-900 with a 7.5-MHz linear transducer; BCF Technology Ltd, Livingston, Scotland) was performed on a random day of the oestrous cycle on 116 non-lactating dairy cows aged between 2.6 and 10.8 years to count the total number of follicles ≥3 mm in diameter (hereafter referred to as follicle count; FC). Based on the FC, cows were classified into two groups, as in previous studies (Burns et al. 2005; Ireland et al. 2007 ): (1) Low (≤15 follicles; n = 8 animals); or (2) High (≥30 follicles; n = 10). Oestrous cycles were synchronised in both groups with two injections of a prostaglandin (PG) F 2α analogue (PGF2α-Estrumate; Loughrea, Galway, Ireland) 11 days apart and the classification of cows into the Low (n = 5) or High (n = 5) groups was confirmed. To measure differences in serum concentrations of FSH and oestradiol in the two groups during the ovulatory wave, as observed previously in cattle (Burns et al. 2005; Ireland et al. 2007) , animals were subjected to daily ovarian ultrasonography for an entire oestrous cycle and blood samples (10 mL) were collected by jugular venipuncture every 8 h from Day 8 until ovulation.
Ovariectomy
The present study was designed to determine the effect of the negative feedback of ovarian hormones on pituitary gonadotropin secretion in animals with a high v. low FC. Oestrous cycles of the animals in the Low and High groups were synchronised with PGF 2α injections spaced 11 days apart and, after 10 days, the cows received two additional injections of PGF 2α 16 h apart. Then, 22-28 h after the fourth PGF 2α injection, cows were bilaterally ovariectomised via colpotomy (Drost et al. 1992 ) and the ovaries were measured and weighed before and after dissection of the largest follicle per animal. To monitor changes in FSH secretion after ovariectomy, blood samples were collected via a jugular catheter 1 h before ovariectomy, at ovariectomy and then 1, 2, 3, 6 and 8 h after ovariectomy, twice daily for 3 days after ovariectomy and once daily for the next 6 days.
GnRH challenge
To examine the capacity of the pituitary to release gonadotropins in the absence of ovarian negative feedback, all cows in the Low and High groups received a single injection of the GnRH analogue buserelin (2.5 mL, i.m.; Receptal; Intervet Ireland, Dublin, Ireland) 33 days after ovariectomy. Blood samples (10 mL) were collected via a jugular catheter every 15 min from 1 h before to 8 h after GnRH injection.
FF challenge
To examine the responsiveness of the pituitary gland to the negative feedback effects of hormones in FF, which is a rich source of oestradiol and inhibin (Good et al. 1995) , all cows received four consecutive hourly i.v. injections (5 mL per injection) of FF starting 24 h after GnRH administration. To obtain FF, ovaries were recovered at a local abattoir and FF was aspirated from all follicles >10 mm in diameter and stored at −20 • C. After thawing, FF was centrifuged (20 • C, 1500g, 20 min) and the supernatant recovered and filtered through a 0.22-µm filter. The pool of FF contained 75.65 ng mL −1 oestradiol and 206.1 ng mL −1 progesterone. Blood samples were collected via a jugular catheter at 15 min intervals from 1 h before to 4 h after the first injection of FF, at 30 min intervals from 1 to 5 h after the last injection of FF and at 4 h intervals for the following 36 h.
Pituitary recovery
Cows were killed at a commercial abattoir 2 days after the FF challenge and their pituitary glands collected, measured and weighed. Immunoassay All blood samples were stored at 4 • C for 24 h, centrifuged (4 • C, 1500g, 20 min) and the serum collected and stored at −20 • C for further analysis. Oestradiol concentrations were determined using a commercial MAIA Oestradiol kit (Magnetic Immunoassay; Polymedco, Cortlandt, NY, USA), as modified by Prendiville et al. (1995) , after the extraction of duplicate 500-µL samples. The ED 50 was 1.35 ± 0.07 pg mL −1 and the lower limit of the assay was 0.03 ± 0.02 pg mL −1 . The intra-assay coefficient of variation (CV) was 4% (n = 5 samples), whereas the interassay CV was 12% (n = 6 assays).
Concentrations of FSH and LH in the samples were determined using validated radioimmunoassays (n = 14 assays; Cooke et al. 1997; Crowe et al. 1997) . The sensitivity of the FSH assay was 0.025 ng mL −1 , the intra-and interassay CV were 21.6% and 22.5%, respectively, for low reference samples (mean 0.24 ng mL −1 ) and 6.9% and 11.6%, respectively, for high reference samples (mean 3.54 ng mL −1 ). The sensitivity of the LH assay was 0.1 ng mL −1 , with intra-and interassay CV of 13.6% and 11.4%, respectively, for low reference samples (mean 0.27 ng mL −1 ) and 18.9% and 9.4%, respectively, for high reference samples (mean 2.18 ng mL −1 ).
Statistical analysis
All data were transformed using the natural logarithm before analysis; actual values are reported in the Results. The effects of a high (n = 5) or low (n = 5) FC on serum oestradiol, FSH and LH concentrations were analysed using a mixed models in PROC MIXED (SAS ver. 2008) . Fixed effects included in the model were treatment group (i.e. high or low FC); time relative to wave emergence, peak of preovulatory FSH surge, surgery and/or challenge; and a two-way interaction between treatment group and time, where significant. Cow was included as a repeated effect with the most appropriate covariance structure between records within animal determined by minimising the Akaike Information Criterion. For all analyses, a first-order autoregressive covariance structure was most appropriate, either with or without heterogeneous variances. The significance of the fixed effects was based on the F-test with the appropriate degrees of freedom. Values are reported as the mean ± s.e.m.
Results
The mean age of animals in the High and Low groups was 4.74 ± 0.57 and 4.24 ± 0.46 years, respectively (Table 1) . The length, width and weight of the pituitary glands were similar between groups (Table 1) . Ovaries recovered from cows in the High group tended to have a larger volume (P = 0.08) and, after removal of ovulatory follicles, they were heavier (P = 0.05) compared with ovaries collected from cows in the Low group (Table 1) .
As expected, peak numbers of follicles during follicular waves were higher (P < 0.01) in the High compared with the Low group (Table 1) . Serum FSH concentrations were higher in the Low compared with the High group when aligned to follicle wave emergence ( Fig. 1a ; P = 0.018) and the preovulatory FSH surge ( Fig. 1b ; P = 0.006); however, serum oestradiol concentrations did not differ between the two groups (Fig. 1c) .
Although serum FSH and LH concentrations increased after bilateral ovariectomy in both groups (P < 0.001), no differences in the concentrations of these hormones were detected between groups ( Fig. 2 ; P > 0.09). Eight days after ovariectomy, mean FSH concentrations had increased by 3.4-and 4.0-fold in the High and Low groups, respectively, and LH concentrations had increased by 1.10-and 2.42-fold compared with the preovariectomy baseline concentrations in the High in the Low groups, respectively (Fig. 2) . GnRH treatment 33 days after ovariectomy stimulated a transient increase in both LH and FSH concentrations (time effect P < 0.001), but the response did not differ between the two groups ( Fig. 3 ; group effect FSH P = 0.27; LH P = 0.49), even though LH concentrations were higher at specific time-points (1.25, 1.5 and 2 h) in the Low v. the High group. In addition, the peak FSH and LH concentrations in the High (1.18 ± 0.10 and 6.17 ± 0.77 ng mL −1 , respectively) and Low (1.28 ± 0.07 and 8.38 ± 1.09 ng mL −1 , respectively) groups were similar throughout the sampling period (irrespective of the time after GnRH administration; P = 0.22 and P = 0.06 for FSH and LH, respectively). There was a transient decrease in both LH and FSH concentrations in response to the four FF injections ( Fig. 4 ; P < 0.001) and, during the 57 h after the first FF injection, there was a difference between the groups for both FSH (P = 0.039) and LH (P = 0.001) concentrations ( Fig. 4 ; time × group interactions P = 0.37). However, multiple comparisons of the 42 time-points revealed only one FSH point and 11 LH points to be significantly different (P < 0.05) between the two groups.
Discussion
The most significant finding of the present study is that the inverse relationship between follicle numbers growing during follicular waves and circulating FSH concentrations in cattle is not the result of inherent differences in the capacity of the pituitary gland to produce and secrete gonadotropins. The negative feedback interaction between FSH secretion from the pituitary gland and the secretion of ovarian inhibitors is known to be crucial for regulation of FSH secretion and, in turn, antral follicle growth in cattle (Turzillo and Fortune 1993) . In cattle, all follicles in a follicular wave produce oestradiol and inhibin-A (Mihm and Evans 2008) , the main inhibitors of FSH secretion. Therefore, when ovaries are surgically removed, as in the present study, there is an expected rapid increase in circulating FSH concentrations (Schallenberger and Peterson 1982) . Aspiration of all follicles >3 mm in diameter also results in a similar rapid elevation in FSH concentrations, indicating that follicular inhibitor activity is primarily derived from follicles >3 mm growing during follicular waves in cattle (Gibbons et al. 1997; Burns et al. 2005) . In the present study, bilateral ovariectomy resulted in a fourfold increase in serum FSH concentrations by 8 days after ovariectomy, in agreement with previous studies (Schallenberger and Peterson 1982; Dissen et al. 1988) . However, cows with low v. high follicle numbers did not differ in their response to ovariectomy, suggesting that differences in circulating FSH concentrations during oestrous cycles between cows with high v. low follicle numbers are not caused by intrinsic differences in gonadotropin secretion by the pituitary gland. Administration of GnRH to cows after ovariectomy caused the expected marked, but similar, increase in FSH and LH concentrations in cows with low or high follicle numbers (Fig. 3) . Pituitary gonadotropes express specific receptors for GnRH (Duello and Nett 1980) and several factors are known to alter their number, including gonadal steroids, oestradiol and progesterone, as well as inhibin and activin (Turzillo and Nett 1999; Nett et al. 2002) . However, in the absence of these factors in the ovariectomised cows in the present study, gonadotropin secretion did not differ between the two groups.
Intravenous injection of FF into cows after ovariectomy decreased serum FSH and LH concentrations. We used noncharcoal-filtered FF to test the pituitary response to ovarian steroids and non-steroidal factors combined. Oestradiol alone (Schoenemann et al. 1985; Wolfe et al. 1992 ) and in association with progesterone (Schoenemann et al. 1985; O'Rourke et al. 2000) decreases serum FSH concentrations in ovariectomised cattle. In addition, inhibin administered either in the crude form or as steroid-free bovine FF (Ireland and Roche 1983; Quirk and Fortune 1986; Beard et al. 1989 Beard et al. , 1990 Fortune 1990, 1993; Bleach et al. 2001) or in highly purified form (Beard et al. 1990 ) to intact or ovariectomised heifers greatly suppresses plasma FSH concentrations. The decrease in circulating FSH concentrations following FF injections was presumably due to the combination of oestradiol and inhibin negative feedback activity, but the differences in response to FF injection between the Low and High groups were small and inconsistent over time (Fig. 4) , suggesting that the high variation in follicle numbers growing during follicular waves is not associated with changes in the capacity of the pituitary gland to respond to ovarian negative feedback. We cannot rule out the possibility that different doses of FF or treatment with individual steroids may have given different results. Recent findings suggest that cattle with low follicle numbers have reduced serum testosterone concentrations compared with cows with high numbers of follicles ). However, together, the results of the ovariectomy and FF and GnRH challenge studies, coupled with the finding that the size and weight of pituitary glands were similar for animals with low and high follicle numbers, provide convincing evidence that inherent differences in the capacity of the pituitary gland to secrete gonadotropins or to respond to ovarian negative feedback factors do not explain the difference in FSH secretion associated with the high variation in the number of follicles growing during follicular waves of cattle. The reason why concentrations of circulating FSH in cattle are chronically higher in cattle with low numbers of follicles growing during follicular waves is unclear ), but could be due to an overall much lower production of negative feedback factors, such as oestradiol and inhibin-A, compared with animals with higher numbers of follicles growing during follicular waves. However, results from Burns et al. (2005) do not support a role of inhibin-A. Although oestradiol concentrations in FF from the three largest growing follicles of a wave are twofold higher in cattle with low v. high follicle numbers during waves ), differences in serum concentrations of oestradiol during the oestrous cycle between the two groups of animals were not detected in previous studies (Burns et al. 2005; Ireland et al. 2007) or in the present study. Circulating FSH concentrations increase with age in cattle and are associated with a reduced follicular recruitment at wave emergence (Malhi et al. 2005) , but because cows in the present study were similar in age, the causes of the different peripheral FSH levels between cattle with high v. low numbers of follicles are yet to be identified. In summary, our results confirm that the inverse relationship between the number of follicles growing during follicular waves and circulating FSH concentrations occurs not only during non-ovulatory and ovulatory follicular waves of young adult beef cattle and late lactation dairy cows (Burns et al. 2005; Ireland et al. 2007 ), but also, as shown in the present study, during the ovulatory follicular waves of older (>4 years) non-milking dairy cows. Based on the absence of differences in the response of the pituitary gland of cows with low v. high follicle numbers during follicular waves to various challenges (ovariectomy, FF, GnRH), we conclude that the high variation in the number of follicles growing during follicular waves is not caused by inherent differences in the capacity of the pituitary gland to secrete gonadotropins or to respond to ovarian feedback factors. Moreover, the present study demonstrated that, despite chronically enhanced FSH secretion in cattle with relatively low numbers of follicles growing during follicular waves, circulating oestradiol concentrations were similar throughout the oestrous cycle (Ireland et al. 2007) , implying that differences in the total production of ovarian feedback factors, as a result of the high variability in the number of follicles growing during follicular waves, have a primary role in the regulation of FSH secretion during oestrous cycles of cattle.
